Abstract This paper presents one of the first quantitative scenario assessments for future water supply and demand in Asia to 2050. The assessment, developed by the Water Futures and Solutions (WFaS) initiative, uses the latest set of global climate change and socioeconomic scenarios and state-of-the-art global hydrological models. In Asia, water demand for irrigation, industry, and households is projected to increase substantially in the coming decades (30-40% by 2050 compared to 2010). These changes are expected to exacerbate water stress, especially in the current hotspots such as north India and Pakistan, and north China. By 2050, 20% of the land area in the Asia-Pacific region, with a population of 1.6-2 billion, is projected to experience severe water stress. We find that socioeconomic changes are the main drivers of worsening water scarcity in Asia, with climate change impacts further increasing the challenge into the 21st century. Moreover, a detailed basin-level analysis of the hydro-economic conditions of 40 Asian basins shows that although the coping capacity of all basins is expected to improve due to gross domestic product (GDP) growth, some basins continuously face severe water challenges. These basins will potentially be home to up to 1.6 billion people by mid-21st century.
Introduction
The pressure on water resources has been mounting and continues to grow worldwide, driven by growing food and energy demands and increasing standards of living, and complicated by regional water governance [Vörösmarty et al., 2000; Kahil et al., 2015a; Wada et al., 2016] . Global water withdrawals have increased sixfold in the last century, which is almost twice the rate of human population growth [Falkenmark, 1997; Shiklomanov, 2000; Vörösmarty et al., 2005; Wada et al., 2013a] . This huge abstraction of water resources has resulted in many regions undergoing pervasive water scarcity conditions, notably Asia and Pacific regions (hereafter we refer to these two regions collectively as Asia [Asian Development Bank, 2016] ).
In such a context, it is imperative to evaluate future water scarcity conditions and identify regions at highest risk in Asia. This will help to facilitate management strategies and adaptation policies, and planning for sustainable development in line with the recently agreed Sustainable Development Goals. Numerous previous studies have assessed the impacts of global changes on future water scarcity by using various climate and hydrological models, and different sets of socioeconomic projections [Vörösmarty et al., 2000; Arnell, 2004; Alcamo et al., 2007; Hanasaki et al., 2008a Hanasaki et al., , 2008b Arnell et al., 2016; Gosling and Arnell, 2016] . Nevertheless, despite the significant contribution of earlier global assessments, few studies have analyzed in detail future water scarcity across the Asian continent [Immerzeel and Bierkens, 2012; Malsy et al., 2012; Hayashi et al., 2014] . Moreover, no global or Asian study has yet assessed future water scarcity with the latest set of global change scenarios combining the Shared Socioeconomic Pathways (SSPs) with the Representative Concentration Pathways (RCPs) in a multi-model framework. Lastly, assessing the water scarcity condition in Asia remains an important scientific challenge. Recent multi-model studies show varying levels of model agreement across the continent, with the highly populated south and east Asian regions often showing highest levels of model uncertainty Gosling and Arnell, 2016] . Model uncertainty of hydrological models is often high for Asia compared to other global regions (e.g., due to large uncertainties in precipitation ), and these uncertainties carry through from climate models to impact models [Eisner et al., 2017] and water scarcity indices [Samaniego et al., 2017] . Thus, framework approaches that robustly cover uncertainties in climate, hydrological, and socioeconomic projection are needed, particularly for Asia.
To address this gap in the literature, this paper presents three alternative projections of Asian water futures to the 2050s, with the objective of demonstrating a framework that covers uncertainties arising from climate and hydrological models, and SSP and RCP scenarios. These projections include available water resources, water demand by sector, and the ensuing annual and seasonal water scarcity. Moreover, main drivers of future water scarcity in Asia have been identified. The contribution of this paper relative to previous literature stems from the use of an ensemble of three state-of-the-art global hydrological models (GHMs) at 0.5 ∘ ×0.5 ∘ resolution forced by five downscaled and bias-corrected global climate models (GCMs), and the development and use of an original set of global water scenarios. These scenarios combine water-extended SSP storylines and climate change scenarios based on the RCPs, using the Water Futures and Solutions (WFaS) initiative methodological framework. The WFaS initiative is a collaborative, stakeholder-informed, global effort applying systems analysis to understand water resource challenges and identify a portfolio of policy interventions that work coherently across scales and sectors. The development of this framework has involved an extensive consultation with water experts and stakeholders from around the world in the context of the WFaS Scenario Focus Group [Wada et al., 2016] .
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The remainder of the paper is organized as follows. Section 2 describes the methodology and the data used in this assessment. Section 3 presents the results of the supply, demand, and annual and seasonal stress assessment, followed by Section 4 which presents in further detail a novel assessment on the dynamics of water stress. This includes: attribution of increasing stress to different drivers; an assessment of Asian basins' hydro-climatic complexity and institutional coping capacity using a hydro-economic classification system; and uncertainty and limitation of this experiment. Finally, Section 5 concludes with the summary and policy implications.
Methodology
WFaS Scenario Approach
A set of global water scenarios based on combinations of the SSPs and RCPs was developed by the WFaS initiative [Wada et al., 2016] . Different SSP and RCP combinations create a framework for climate-related scenario outcomes, describing four climate change pathways (RCP2.6, 4.5, 6.0, and 8.5) and five different global socioeconomic developments (SSP1-5). Many previous studies projected future water supply based only on the RCPs . In contrast, few studies have projected future water demands considering the SSPs [Hanasaki et al., 2013a [Hanasaki et al., , 2013b Arnell and Lloyd-Hughes, 2014; Bijl et al., 2016] . This is because the SSPs inherently focus on key climate policy drivers such as GDP, population, and urbanization, but with less attention given to specific sectors including water [O'Neill et al., 2013] . Thus, in collaboration with a group of water planners and stakeholders from around the world, the WFaS initiative and its scientific consortium have extended the original SSP storylines at country level with relevant critical dimensions affecting water availability and use. These dimensions have been assessed qualitatively and quantitatively for each SSP and group of countries based on a two-dimensional hydro-economic (HE) classification system (see Section A1 in Appendix A for more details), providing a first set of global water scenarios [Wada et al., 2016] . The set of water scenarios are applied to three GHMs to project future water demand of sectors such as energy manufacturing and households [Fricko et al., 2016; Wada et al., 2016] . An overview of the methodological framework of the WFaS initiative is given in Figure 1 .
In the scenario development process, countries and basins are characterized based on HE classification. This classification system builds on previous studies to consider water security in a risk-based framework encompassing both the biophysical and institutional features of regions [Grey et al., 2013; Hall et al., 2014; Sadoff et al., 2015] . The HE classes are derived from two dimensions based on: (1) exposure to complex hydro-climatic conditions (x-axis) and (2) economic and institutional capacity to cope with water-related risks (y-axis). Hydro-climatic complexity is determined using a combination of four sub-indicators; per capita available renewable water resources, water use intensity, the monthly variability of runoff, and dependency ratio on external water resources (exogenous runoff ). GDP per capita, a measure of economic strength and financial resources, has been selected to proxy the economic and institutional capacity to cope with water-related risks. Additional indicators have been discussed and explored for potential inclusion in a compound indicator to proxy economic-institutional capacity such as the education level, the Human Development Index, and the Worldwide Governance Indicators, among others. However, globally for all countries these indicators are positively correlated with GDP per capita. The potential extension of the y-axis is an ongoing process subject to diverse opinions highlighting the challenge to measure the effectiveness of institutions, management, and governance, in particular for future periods. For recognizing the spatial heterogeneity of water challenges, the HE classes are divided into four (HE1-HE4) representing combinations of hydrological complexity and economic-institutional capacity (Figure 1 ). Countries in different HE classes are assumed to experience different pathways, such as rates of technological and structural changes in the main water use sectors, and therefore the water scenarios go beyond globally uniform assumptions. 
Data and Models
Socioeconomic variables for each SSP are available from the IIASA SSP database portal (https://tntcat.iiasa .ac.at/SspDb). The gridded representation of the country-level SSP population dataset used in this study is based on Jones and O'Neill [2016] . GDP is downscaled based on the gridded population distribution at a 0.5 ∘ ×0.5 ∘ spatial resolution (roughly 50 km by 50 km at the equator).
WFaS uses a multi-model ensemble of three state-of-the-art GHMs: H08 [Hanasaki et al., 2008a [Hanasaki et al., , 2008b , PCR-GLOBWB [Van Beek et al., 2011; Wada et al., 2014a] , and WaterGAP2.2 [Flörke et al., 2013; Schmied et al., 2014] , to estimate water demand and supply at a 0.5 ∘ ×0.5 ∘ spatial resolution. The GHMs explicitly include anthropogenic activities such as water withdrawals and reservoir operation with fixed reservoir capacity at the year 2000 level based on GRanD reservoir data [Lehner et al., 2011] . Wanders and Wada [2015] and Masaki et al. [2017] indicate that reservoirs play an important role in mitigating low flow conditions using the same GHMs used in this study. Also, PCR-GLOBWB explicitly calculates groundwater use, while in the other two GHMs groundwater use is implicitly included. Earlier studies with those GHMs suggest that large quantity of groundwater is used to meet water demand in Asia [Hanasaki et al., 2008b; Döll et al., 2014; Wada and Bierkens, 2014] . Here, water demand covers three main sectors: irrigation, industry (energy and manufacturing), and households, and water supply is defined as river discharge. This study assesses water supply with 10-year climatology based on monthly values. For example, we assume that the representative value of the 2010s spans data from the period 2006-2015. On the other hand, water demand is projected every 10 years because SSPs provide decadal projections.
The GHMs are forced by five bias-corrected GCMs projections given by the Inter-Sectoral Impact Model Intercomparison Project fast track [Hempel et al., 2013; Warszawski et al., 2014] . This multi-model approach has been chosen to robustly account for the uncertainties in future projections [Haddeland et al., 2011; Schewe et al., 2014] . Further details of the modeling approach and input data are given in Wada et al. [2016] .
Asian Future Water Assessments
We focus on the near-future period in order to make our assessment policy relevant for future water challenges in Asia. This paper assesses water futures in Asia to 2050 on a decadal basis to identify the key drivers of worsening water stress conditions. Changes in Asian water futures are quantitatively investigated with two commonly used indicators [Vörösmarty et al., 2000; Rijsberman, 2006; Alcamo et al., 2007; Wada et al., 2011a; Kiguchi et al., 2015; Veldkamp et al., 2015] . First, we present the Water Crowding Index (WCI; hereafter defined as water shortage, and used in Section 3. [Falkenmark et al., 1989] . This indicator is a good proxy for population growth impacts on water supply, and to distinguish between climate and human-induced water scarcity. Second, we use the withdrawal to availability ratio (WTA; hereafter defined as water stress, and used in Section 3.3), which is the ratio of total withdrawals for human use to total available surface water resources. Regions are considered water-scarce if the ratio is between 0.2 and 0.4, and severely water-scarce if the ratio is greater than 0.4 [Raskin et al., 1997] . Importantly, we have calculated WCI for both the annual mean and the driest month, and WTA for both the annual and seasonal mean. Section 4.3 presents the HE analysis that includes WCI, along with WTA as its sub-indicator. Note that all results presented in this paper represent the ensemble mean of all combinations of three GHMs and five GCMs for each water scenario, and ranges in future projections stem from the difference among the three water scenarios.
Results
Water Supply
Here, water supply is defined as available surface water resources (ASWR) and ASWRpc. ASWR are composed of local runoff and upstream inflow through river networks, i.e., river discharge. Compared to the 2010s, by the 2050s, annual ASWR in Asia will decrease in area by 35% under the Sustainability scenario and 57% under both the Middle of the Road and Regional Rivalry scenarios (Figure 2a ). In the Sustainability scenario, annual ASWR decreases significantly in Central and West Asia, south Pakistan, north India, parts of China, and Australia. For the Middle of the Road and the Regional Rivalry scenarios even larger reductions are projected over many parts of Asia including Afghanistan, Nepal, Myanmar, Papua New Guinea, and Japan, in addition to the regions indicated above. Approximately 30% of the area in Asia shows a consistent reduction in ASWR under all scenarios in the 2050s (see Figures B1 and B2 in Appendix B for more details). It should be noted that the reduction in the driest month is often the most critical because of high seasonality in Asia (Figure 2b ). Depending on scenarios, it is expected that by the 2050s between 41% and 58% of land area in Asia will get drier in the driest month. India to Myanmar and south to east China will suffer substantial reductions in ASWR during the driest month.
When the local population is considered, ASWRpc can be low even if a region has high ASWR, such as south India and south and east China (Figure 2c ). When it comes to change in the future, a trend can be opposite between ASWR and ASWRpc. Although ASWR will increase in many parts of South Asia by the 2050s in the Sustainability scenario, ASWRpc is expected to decrease as a result of rapid population growth. In northeastern China, Pakistan, and India, low ASWRpc is driven primarily by high population densities, whilst in Turkmenistan, Uzbekistan, and northwestern China it is driven by low ASWR (Figure 2d ). In other areas, reductions in ASWRpc are due to both climate change and the effects of population growth. Rapid urbanization is expected to result in more localized impacts not necessarily reflected at the country and grid scale. Table B2 in Appendix B gives an overview of ASWRpc at country level, where China, Georgia, Japan, and the Republic of Korea are the only countries with no reduction in ASWRpc by the 2050s. Figure 3 and Table 1 present projections of total water demand in Asia during the 2010s and the 2050s. The results reveal a trend of increasing water demand in Asia under all SSP scenarios. Depending on the scenario, the total water demand is projected to reach 3,200-3,500 cubic kilometers per year (km 3 /yr) by the 2050s, an increase of 30-40% compared to the present demand of 2,400--420 km 3 /yr. This increase is primarily driven by growing industrial and municipal water withdrawals. The Regional Rivalry scenario has the largest increase in demand because it has the highest population growth and the slowest rate of technological change. This is followed by the Middle of the Road scenario and the Sustainability scenario, respectively. By the 2050s, Asia's water demand is projected to be larger than that of all other continents put together, as a result of rapid and intense socioeconomic development. Moreover, a net increase in total water demand is largest by the 2030s, mainly due to the peaking of population growth. The largest increase in water demand between the 2010s and the 2050s is expected to take place in East Asia (+420-550 km 3 /yr) and South Asia (+220-310 km 3 /yr), which account for almost 80% of total water demand in Asia (Table 1) . Water demands in Southeast Asia, and Central and West Asia are expected to grow to 310-360 and 230-240 km 3 /yr, respectively. Conversely, water demand in currently developed countries is projected to remain constant. Tables B3-B5 in Appendix B provide details on the sectoral water demands in Asia. Irrigation water demand represents 80% of total water demand and is the largest water user in almost all Asian countries. Irrigation water demand increases induced by climate change are concentrated in China, India, and Pakistan, where the majority of irrigated areas occur in Asia [Wada et al., 2013b] . Municipal water demands are projected to rise by more than threefold by the 2050s, escalating from 180-190 km 3 /yr in the 2010s to 495-640 km 3 /yr in the 2050s. The main drivers are growing incomes, which increase per capita water use, together with rapid population growth and increased urbanization primarily in India, China, Pakistan, and Indonesia. Industrial water demand in Asia is projected to reach 650-780 km 3 /yr by the 2050s, more than double the present demand of the 2010s (275-290 km 3 /yr). The strongest driver is the growth in electricity production and overall energy use in emerging economies including India and China. For currently developed countries, net increase in municipal and industrial water demands is minor because of technological improvements in water use efficiency and the increase in national income, which leads to structural shifts in the industrial sector [Wada et al., 2016] .
Water Demand
Water Stress
According to our WTA estimates, large parts of Asia currently experience severe water stress ( Figure 4a ). The spatial distribution of these severe water stress conditions is in line with findings of earlier studies [Oki et al., 2001; Arnell, 2004; Hanasaki et al., 2008b; Wada et al., 2011a Wada et al., , 2011b Sadoff et al., 2015] . The results indicate that future socioeconomic development and climate change will further exacerbate current water stress conditions in Asia (Figure 4b ). Water stress is expected to increase in 74-86% of the total area of Asia depending on scenarios, and approximately 20% of the area in Asia will be under severe water stress by the 2050s in all scenarios. In the coming four decades, most Asian sub-regions show consistently higher WTA than that of the 2010s across the three scenarios ( Figure 4c ). Exceptions are western India and Japan, which will experience reductions in water stress, because of a wetter climate and reductions in water demand. Despite this, western India will remain a hotspot of water stress. Under the Sustainability scenario, our results project many areas with decreasing water stress including Myanmar, Malaysia, and east Australia.
Results of this study indicate that currently around 1.1 billion people in Asia live in areas under severe water stress conditions, equivalent to 30% of the total population in Asia. By 2050, the potential population exposed to these severe conditions is projected to increase by 42-75% depending on the scenario, reaching between 1.6 billion in the Sustainability scenario and 2 billion in the Regional Rivalry (Table 2) . In all three scenarios, by 2050, some 40% of Asia's population will be affected by severe water stress conditions. The population exposed to severe water stress in South Asia is expected to reach almost 1 billion by 2050, two-thirds of which will be living in India, Pakistan, and Bangladesh.
Most of Asia experiences strong seasonality in water supply and demand, which can cause severe water stress during the course of the year (Figure 5a ). The results for the seasonal water stress for 3-month climatology in the 2010s show regions with seasonal severe water stress mainly during their dry seasons, such as areas around Afghanistan, India, and southern China, while there are regions which undergo severe water stress conditions throughout the year. One of the key drivers of severe water stress in Asia is high irrigation water demand in the dry season. However, water stress can also occur during wet seasons when water demand is high. These cases spatially correlate reasonably well with areas in which double-cropping irrigation is practiced. By the 2050s, it is expected that seasonal water stress will intensify and areas with severe water stress will expand (Figure 5b ). Under the Middle of the Road scenario, the consequence is that one-fifth or more (20-23%) of the area will be under severe water stress in the 2050s in every season. The seasonal increase in water stress through the decades is largely consistent in large parts of Asia under all scenarios ( Figure B3 ). Section A2 in the Appendix A present more details on seasonal water stress. Figure 6 presents the attribution rates of supply and demand in the 2050s for each scenario, showing which component (i.e., water supply and/or water demand) contributes most to the increase in water stress (see Section A3 in Appendix A for methodological details). In areas of no water stress increase, or area of water stress increase with increasing supply or decreasing demand, the cells are marked in white in the relevant supply or demand map.
Discussion
Attributing the Increases in Water Stress
Throughout the three scenarios, increases in water stress over vast areas in Asia are predominantly attributable to increases in water demand. Importantly, significant increases in water stress in the hotspots shown in Figure 4b , such as east and west China and Central and West Asia, are mainly driven by water demand increases. In contrast, a few regions have an attribution rate dominated by changes on the supply SATOH ET AL. ASIAN WATER FUTURES: WFaS INITIATIVE 15 (10%) 27 (15%) 48 (25%) 15 (10%) 29 (16%) 51 ( 17 (18%) 29 (23%) 35 (23%) 17 (18%) 29 (22%) 36(21%) . Attribution ratio to increases in the withdrawal to availability ratio score for: (a) supply side, and (b) demand side. A value of attribution rate of a factor equals to 0 indicates no impact of that factor on water scarcity, while a value of 1 indicates that water scarcity is totally driven by that factor.
side, but these areas rarely fall into hotspots of changes in water stress, except Pakistan and India in the Middle of the Road and the Regional Rivalry scenario. These two exceptions already tend to face severe water stress conditions, and it is projected that these conditions will intensify as a result of reductions in water supply caused by climate change in large areas of the countries. However, the impacts of demand increase are even more obvious in areas that have megacities. By the 2050s, the increasing water stress in Mongolia to north China, coastal and south China, some countries in Southeast Asia, Central and West Asia, and megacities and their surroundings is dominated by changes in industrial and municipal water demand, indicating that socioeconomic changes are more significant than climate change.
These results highlight that increases in water demand have a critical impact on water security and can be a main driver of aggravation of water stress. If socioeconomic changes are the significant drivers of growing water stress, managing these drivers needs effective policy interventions, including better water SATOH ET AL. ASIAN WATER FUTURES: WFaS INITIATIVEgovernance and investment decisions. Conversely, in regions where climate drivers are dominant, adaptation and water management policy must take the impact of climate change, and associated uncertainties, into account.
Basin-Level Hydro-Economic Analysis
In order to discuss the challenges facing adaptation to future water scarcity in Asia, the HE classification (see Section A1 in Appendix A for more details) was calculated by aggregating grid-level variables for 40 Asian basins (following Food and Agriculture Organization delineation). The basin-scale analysis highlights the spatial heterogeneities across countries, particularly relevant for large countries such as China and India, and facilitates identifying transboundary challenges. Note that this analysis excludes the fourth sub-indicator, the dependency ratio on external water resources, since inflow to a spatial unit from upstream units is zero in the case of the basin-scale analysis. Figure B4 shows plots for all 40 basins). The basins are plotted in the HE dimension based on their hydro-climatic complexity (x-axis) and economic-institutional capacity (y-axis). Significant levels of economic growth are projected for all basins, leading them consistently upward in the two-dimensional space. This effect is most pronounced in basins in China (blue lines). Depending on water-related management and achieved spillover of increasing economic strength, the coping capacity for adaptation and risk management related to water challenges should increase. Figure 7c presents (on the x-axis): the developments of the overall HE classification indicator (c1); the individual sub-component indicators: per capita surface water resources (c2); water use intensity (c3); and monthly variability of runoff (c4).
In the year 2010, 12 of the selected 20 basins-home to 2 billion people-are categorized as in HE-4 (high water challenge due to the high hydro-climatic complexity and low adaptation capability), while only North Korea, South Korea, and Taiwan are in HE-3 (high water challenge but high coping capacity). By 2050, as a result of economic growth, eight basins have shifted from HE-4 to HE-3, totaling 1 billion people (∼20% of the Asian population in the 2050s). However, four basins (Amu Darya, Sabarmati, Indus, and Ganges-Brahmaputra) will remain in HE-4 until the 2050s, despite some improvements in their economic-institutional capacity. These basins remain highly vulnerable in the coming decades and will need particular attention. We also emphasize that three of these four basins (Sabarmati, Indus, and Ganges-Brahmaputra), all of which are in South Asia, are all densely populated with an expected 1.5 billion people in the 2050s (∼30% of the Asian population). Moreover, all four basins are transboundary, imposing additional management challenges.
Between 2000 and 2050, all basins in Asia (except Japan) will be exposed to increasing levels of hydro-climatic complexity, i.e., they will move to the right in the HE two-dimensional space. The level of hydro-climatic complexity varies widely across basins in East Asia. In contrast, high complexity occurs in all South Asian basins and several East Asian basins, followed by basins in Central and West Asia. Among the 20 selected basins, the Sabarmati, Krishna, and Ziya He Interior show the highest levels of hydro-climatic complexity. The most significant rates of increase in hydro-climatic complexity occur in the Chinese coast and Bo Hai, followed by Amu Darya and Godavari.
The contribution of the individual sub-components to changes in the hydro-climatic complexity indicator between 2010 and 2050 varies. First, regarding per capita surface water resources (Figure 7c2) , changes in the indicator are caused by both changing hydrological conditions and population growth. The largest increase (threshold 0.5) among the 20 selected basins occurs in the Philippines, Godavari, Ganges-Brahmaputra, Amu Darya and Indus basins. Conversely, shifts in basins in East Asia, Japan, and Korea are not significant, and sub-indicators even decrease, particularly after 2040, due to population decrease as well as hydrological changes.
Second, for water use intensity (Figure 7c3 ), it is obvious that this indicator increases largely across all basins because of the rapid growth of water demand. Our projections indicate steady increases in water demands, even in basins with already-high hydro-climatic complexity, as a result of the tight coupling of industrial and municipal water demand with GDP per capita growth. Consequently, water use intensity is the main driver for changes in the integrated HE-classification index over time. In particular, there are eight basins that show high water use intensity. Their scores of the sub-indicator are greater than 0.8, indicating that water demand in those basins amounts to 60% or more of total renewable water resources according to the definition in the HE analysis (see more detail in Table B2 ). In practice, when annual or seasonal water demand is close or exceeds available renewable water resources, additional water resources are needed to satisfy the demand. These may include water from non-conventional sources such as desalinated water and wastewater, but also the use of non-renewable groundwater resources which already occurs in many parts of the world with many major aquifer systems undergoing progressive depletion [Famiglietti et al., 2011; McGuire, 2011; Scanlon et al., 2012; Wada and Bierkens, 2014; Wada et al., 2014a] . Furthermore, the situation might be even more complicated because some basins (e.g., the Indus) are highly dependent on limited glacier meltwater, which will be impacted by climate change [Immerzeel et al., 2010] . Note that water demand exceeds available water resources in the Sabarmati and Indus throughout the period. The same is predicted for China Coast, Bo Hai, Huang He, Krishna, and Amu Darya by the 2050s.
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The third sub-indicator, monthly variability of monthly runoff, indicates strong seasonality particularly for three Indian basins: Sabarmati, Godavari, and Krishna, suggesting substantial needs for well-designed water resource management (Figure 7c ). Moreover, seasonal variation in these basins will further intensify through to the 2050s. However, in general, shifts in the x-axis for this index are smaller compared to the other two sub-indexes.
As a result of the three indices above, the basins shift in the HE dimension of the integrated HE index ( Figure  7c1 ). Basins with larger rightward shifts in particular need more strategic and effective management to cope with intensifying hydro-climatic complexity in the coming decades. Water use intensity is the most important driver for increasing hydro-climatic complexity. This highlights the particular importance of appropriate water demand management over time, suggesting the need for additional improvements in water use efficiency as a key ongoing priority to reduce water demand. Measures that could potentially improve water use efficiency include technical improvements of water-saving equipment used in households, industrial plants, and irrigated plots as well as behavioral changes of the society to reduce water use. Examples cover recirculation of water, change in cooling systems of power plants, switching from less-efficient flood irrigation to more-efficient sprinkler and drip irrigation systems, improving crop water productivity with the help of new cultivars or higher efficiency of nutrient application, reducing leakage in water infrastructure, improving water allocation among uses, changing diet from animal-based to plant-based foodstuffs, and reducing food losses and waste [Wada et al., 2014b; Kahil et al., 2015b; Jalava et al., 2016] 
Uncertainty, Limitation, and Future Improvements
Many studies in the literature have already discussed uncertainty in projections of water supply and demand, and have indicated that both GHMs and GCMs are the main sources of uncertainty, as well as scenarios used [Haddeland et al., 2011; Wada et al., 2013b; Schewe et al., 2014] . Water scarcity projections presented in this paper show that the choice of GHMs tends to be the dominant source of uncertainty over a large part of Asia, especially in central and southeast Asia. However, uncertainty in southern and eastern China and South Asia, where water stress is severe and will be even worse in the future, mainly results from the choice of GCMs. Overall, scenario differences are less important uncertainty source compared to the choice of GHMs and GCMs.
Our results show a difference among GHMs in the various projections of water demand and supply, despite efforts to harmonize climate forcing data, the socioeconomic drivers, and the assumptions regarding technological and structural changes. Wada et al. [2016] describes in detail the uncertainty arising from GHMs in our projections of water demands, mainly driven by the different methodological approaches between the GHMs, and the different specification of sectoral boundaries and the drivers of the sectoral water demands.
Three additional factors would potentially make important contributions to this study, but it is not possible to include them, as yet. First, future land use changes including irrigated areas and agricultural technology expansion according to the SSP scenarios are still under development. Instead, we have kept extents of irrigated areas and irrigation efficiency constant at the level of the base year 2000. As a result, in this study climate change is the only driver for future irrigation water use. some expansion in irrigated areas resulting in additional irrigation water use. At the same time, irrigation efficiency will likely increase, especially in water stressed regions, resulting in decreased levels of irrigation water demand. The combined effect of these two additional drivers pointing in opposite directions on water scarcity will be further investigated when global datasets on future extent of irrigated areas and development of irrigation efficiencies will become available. Second, our projections are largely driven by socioeconomic factors given by the SSP scenarios, such as GDP and population. The projections of these factors do not respond to changes in water availability and the occurrence of extreme climatic events (there is no feedback between climate and socioeconomic development). Third, this study does not take into account environmental flow constraints when estimating future water stress because of the lack of reliable information on the impacts of global changes on ecosystem requirements and the uncertainty underlying existing calculation of environment flow at large scale. However, our results highlight implicitly the potential pressures on ecosystems, driven by the impacts of changing human water use on available water resources. All these aspects should be improved in future assessments to reduce the uncertainty surrounding water stress projections.
Lastly, the study has considered a wide, albeit central range of scenarios, and does not necessarily cover the full possibilities. For example, on the socioeconomic side, Asian GDP projections for SSP4 and SSP5 currently fall outside the range considered. Given the importance of socioeconomic changes in the results, this would likely have effects that are worth further investigation. Whilst for climate change impacts, again consideration of RCP2.6 and RCP8.5 would also magnify the importance of climate impacts-not currently large due to the small difference between RCP4.5 and RCP6.0 between present and 2050.
Conclusions
This study has assessed three possible water futures in Asia based on a set of consistent and comprehensive climate and socioeconomic projections using three GHMs. For each scenario, surface water supply; irrigation, industrial and municipal water demand; and consequent water stress have been assessed.
Our results show that socioeconomic changes have the most significant impacts on water demand growth and overall water stress in hotspots in Asia. While population will peak in some countries before the 2050s, population and GDP are expected to increase in almost all countries across Asia. Subsequently, industrial and municipal water demands will increase depending on scenario from current levels by 136-167% and 176-245%, respectively, by the 2050s. Wada et al. [2013b] highlighted the impact of climate change on future water demand for irrigation. As a result of rapid water demand growth, water stress is expected to increase considerably in Asia by the 2050s, with 20% of the land area of Asia subject to severe water stress. Climate change is projected to put additional pressures on water resources. By the 2050s, one-third less surface water resources would be available in the medium (RCP6.0) compared to the low emissions scenarios (RCP4.5), a gap that grows towards the end of the century. We emphasize that a particularly extreme intensification of water stress will occur in the current hotspots of water stress, with an estimated 1.6-2 billion people living in regions of severe water stress in the 2050s, an increase of 38-68% from the 2010s. Results of the seasonal analysis indicate that most of Asia experience strong seasonality in water supply and demand, which causes severe water stress during the course of a year, and highlight the need for better planning of water management with season-specific solutions, such as changes in irrigation practices and reservoir operation.
Furthermore, our basin scale HE analysis shows that South and East Asian basins have the highest hydro-climatic complexity, with lower coping capacity in South Asian basins. Although coping capacity is expected to improve in all basins, eight basins remain classified in the most vulnerable HE4 class (high water complexity combined with low economic strength) in the 2050s, with large populations living under severe water stress. These regions, in particular, will need effective solutions and better water management, in order to overcome critical water challenges. Increases in the coping capacity indicate the potential of Asia to achieve this, if resources are appropriately allocated.
As a strategic planning method to explore possible futures, our scenario-based approach provides useful insights, particularly with respect to the scale of socioeconomic impacts on water stress, and highlights a clear need for further work on managing water demands and identifying water policy interventions. Assessments of this type can benefit from improvements in some areas, particularly: socioeconomic impacts on the agriculture sector; the sophistication of water demand models and socioeconomic scenarios; and the reduction of uncertainty between GHMs. Nonetheless, our analysis, as the first water assessment of Asia in conjunction with SSPs and RCPs, highlights an urgent need to address water challenges, particularly in the identified hotspots and on the socioeconomic demand side, underlining the importance of targeted solutions for people.
Appendix
A1. Hydro-Economic (HE) Classification System
The HE classification system is a method to assess water security of countries or basins based on two dimensions, hydro-climatic complexity, and economic-institutional capacity. Hydro-climatic complexity (x-axis) represents challenges related to water resources and economic-institutional capacity (y-axis) indicates a capacity to cope with water resource problems. In this study, the integrated hydro-climatic complexity index is determined using four sub-indicators: (1) total renewable water resources per capita, (2) water use intensity, (3) variability of monthly runoff, and (4) dependency ratio of external to total renewable water resources. Economic-institutional capacity index is approximated by means of one sub-indicator, GDP per capita. The calculation of the hydro-climatic complexity and economic-institutional capacity indexes is completed as follows:
1. For each sub-indicator, five generic classes are defined, including "very low," "low," "medium," "high," and "very high." 2. For each sub-indicator v i , a normalized sub-indicator value X i is calculated as follows: V j+1 ] into which the sub-indicator value v i of a country/region falls is determined. (b) The normalized sub-indicator value X i (v i ) is calculated using the following equation:
If v i is larger (smaller) than maximum (minimum) of the range for the five classes, X i (v i ) is defined as 1 (0). (In the case of sub-indicator 1, 1 and 0 are opposite.)
3. Finally, the integrated index I is calculated as the weighted sum of normalized sub-indicators X i .
where X i (v i ) is each normalized sub-indicator for each country/region. The parameter w i is weight according to a few classes of perceived importance of the sub-indicators. Different weights have been assigned to the different sub-indicators (2 for sub-indicator 1, 2 for sub-indicator 2, and 1 for sub-indicator 3).
A detailed description of each sub-indicator is provided subsequently.
A1.1. Hydro-Climatic Complexity
Index (x-Axis) A1.1.1. Sub-Indicator 1: Total Renewable Water Resources Per Capita Total renewable water resources per capita (TWRC, m 3 /cap/yr) is calculated by adding a region's internal renewable water resources and the inflow from upstream regions. This study uses ten year period average of a multi-model ensemble of three GHMs and five GCMs to estimate available surface water resources for each decade. The sub-indicator is normalized using the five classes defined in Table A1 :
A1.1.2. Sub-Indicator 2: Water Use Intensity
The ratio of total water demand for irrigation, industrial and domestic water use (TWD, m 3 /yr) to total renewable water resources (TWR, m 3 /yr) is used as a proxy of water use intensity. The multi-model ensemble mean have been used to estimate TWD and TWR. The sub-indicator is normalized using the five classes defined in Table A2 . Very high 10,000 ≤ TWRC < 20,000 0 ≤ X < 0.2 High 10,000 ≤ TWRC < 20,000 0.2 ≤ X < 0.4 Medium 2,000 ≤ TWRC < 5,000 0.4 ≤ X < 0.6 Low 1,000 ≤ TWRC < 2,000 0.6 ≤ X < 0.8 Very low 100 ≤ TWRC < 1,000 0.8 ≤ X < 1.0 TWRC, total renewable water resources per capita. CVTWR, the coefficient of variance of monthly total water resources.
A1.1.3. Sub-Indicator 3: Variability of Monthly Runoff
The variability of water supply is evaluated by using the coefficient of variance (standard deviation divided by mean) of monthly runoff based on 10-year time series (CV, %). This coefficient of variance includes both sub-annual and interannual variability, but the sub-annual variability tends to be dominant over the monsoon region. The sub-indicator is normalized using the five classes defined in Table A3 .
A1.1.4. Sub-Indicator 4: Dependency Ratio of External to Total Renewable Water Resource
Sub-indicator 4 is the dependency ratio to external (DPC, -), i.e. the ratio of external water resources to the total renewable resources. Very low 250 ≤ GDPC < 3,000 0 ≤ X < 0.2 Low 3,000 ≤ GDPC < 10,000 0.2 ≤ X < 0.4 Medium 10,000 ≤ GDPC < 20,000 0.4 ≤ X < 0.6 High 20,000 ≤ GDPC < 35,000 0.6 ≤ X < 0.8
Very high 35,000 ≤ GDPC < 90,000 0.8 ≤ X < 1.0 GDPC, GDP per capita.
A1.2. Economic-Institutional
Capacity Index (y-Axis) A1.2.1. Sub-Indicator 1: GDP Per Capita GDP per capita (GDPC, US$/cap/yr) is used as a proxy of economic-institutional capacity. Both GDP and population are provided in the SSP scenarios. This sub-indicator is normalized using the five classes defined in Table A5 .
A2. Regional Description of Seasonal Change in Water Stress
The analysis of seasonal water stress indicates that there are two groups with different characteristics related to seasonality. The first group includes regions that experience severe water stress conditions only in some seasons. For instance, the eastern part of south China and east Australia face the most severe water stress conditions during September-October-November (SON) and December-January-February (DJF). DJF is peak season of water stress in the eastern part of central India, Bangladesh, central China, and the western part of South China. The highest water stress season in western part of central India is March-April-May (MAM) while northern India faces severe and prolonged water stress throughout the year except during June-July-August (JJA). In Thailand severe water stress occurs in DJF and MAM whilst for Java island of Indonesia severe stress conditions occur in JJA, and to a lesser extent in DJF and MAM. The west Asian region covering areas from Afghanistan to Uzbekistan experiences water stress for three seasons from MAM through to SON, most severely in JJA. The second group includes large areas that face severe water stress conditions throughout the year such as areas of Pakistan and west India, south India excluding its east coast, northwest and northeast China, some parts of north China, and the north of east China. However, they also experience seasonal severe water stress conditions. For instance, MAM is the worst for Pakistan, west India, parts of north China and the north of east China, all of which are particularly serious hotspot regions.
One key driver of seasonally severe water stress in Asia is high irrigation demand during dry season. High irrigation and consequent severe stress occur during DJF and MAM in the areas over Pakistan and west India, south India, northeast China, the areas covering north China and the northern part of east China and Thailand, during DJF in the eastern part of south China and Bangladesh, during MAM in the western part of central India, and during JJA in the areas from Afghanistan to Uzbekistan and Java island. Severe water stress conditions can also occur during the wet season due to high demand in the areas over Pakistan, west India and south India during JJA; in the eastern part of south China, Bangladesh, and the western part of central India during SON; and in north India during MAM and SON. However, reductions in severe water stress conditions are expected to take place in the 2050s in west India and Japan in all seasons; central India during MAM; Myanmar and Thai during SON and DJF; a part of south China during SON; and part of east Australia from MAM to SON.
A3. The Methodology of the Attribution Analysis for Increases in Water Stress
It is expected that the level of water stress will change in the future compared with that of the 2010s. Changes in water stress (determined by WTA) are driven by either an increase in water demand, a decrease in water supply, or both of them. This study estimates an attribution rate (AR) to the increase in water stress at grid scale using the equations described subsequently.
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For each grid cell, let i be a set of water supply and demand components, where i = (1, … , 5). Water supply components (i = 1, 2) include runoff and inflow, respectively, and water demand components (i = 3, 4, 5) include irrigation, industrial and municipal water demands, respectively. A i,t is the value of each component i that can contribute to changes in water stress in each time step t. We calculate the change in the value of each component i, ΔA i,t , between time steps t and t 0 , as shown in equation A3:
Then in equation A4, we calculate the contribution of each component i, AA i,t , to water stress as the absolute value of the change in the value of that component between time steps, ΔA i,t , if supply decreases and/or demand increases. Otherwise, AA i,t is equal to zero
Finally, we calculate the attribution rate of each component i, AR i,t , which is equal to the absolute contribution of each component divided by the sum of the contribution of all components, as shown in equation A5: Turkmenistan  22  22  23  21  22  22  21  22  22   Armenia  2  2  2  2  2  2  2  2  2 217  214  217  218  214  217 Bhutan 0.6 0.7 0.6 0.6 0.6 0.7 0.6 0.6 0.7 N e p a l 9 9 9 9 9 9 9 9 9 
